An electrical resistivity survey involving vertical electrical sounding (VES) technique was carried out in Issele-Azagba, Aniocha North Local Government Area of Delta State, Nigeria. This was aimed at investigating the lithologic boundaries and classification of the various subsurface formations. The data obtained were subjected to a twofold interpretative procedure involving initial partial curve matching and computer iteration. Results showed that a maximum of five subsurface layers was delineated from the geoelectric sections. This is made up of loamy topsoil underlain by relatively continuous sandy units composed of different compaction, wetness and clay content. The result also showed that the fifth substratum of the geoelectric section was the aquiferous sand relevant in groundwater development within the study area. Analysis of the result had shown that the aquifers identified in this study were vulnerable contamination percolating from the surface due to the absence of a protective aquitards.
Introduction
Geophysical surveys as a tool in geophysics are useful for a range of applications. These include geological mapping of groundwater resources, characterization of aquifer structure and the investigation of the presence or absence of protective aquitards. Other applications involve environmental mapping and monitoring of contamination, evaluation of soil moisture and salinity, and the monitoring of hazardous waste disposal sites [1] . Subsurface soil characterization is useful for determining soil strength. The information obtained from soil characte-rizations for instance present invaluable requirement for the foundation design of important civil engineering structures and for mineral exploration. Soil characterization using electrical measurements can be translated into useful geological and geophysical information in terms of electrical properties of subsurface soil [2] [3] .
The matrix minerals in rocks are insulators and the ground resistivity is a function of various geological parameters such as the degree of saturation, the resistivity of the pore fluid, porosity, and the size of the rock particles. Others include the thickness of diffuse double layers, ion concentration and pore water [4] - [7] . Some of these factors are known to directly or indirectly correlate with others. The resistivity of dry sand is of the order of 10 5 Ωm whereas the resistivity of wet sand is of the order of 10 Ωm. This is because natural pore water has a higher resistivity than that of solids and air. For a soil with relatively low resistivity, the electric current flows in most cases through the water. This is an indication that the resistivity of the sand depends mostly on the porosity of the medium and the resistivity of the pore fluid.
The electrical properties of clay for instance are more complicated in terms of fabric. This is because the diffuse double layer formed on and between the particles may show different conductivity from the free pore water [8] [9] . Thus, the resistivity of clay is lower than that of the resistivity of pore fluid due to the relatively high conductivity between solid and liquid interface.
The high contrast in the resistivity values of carbonate rock and clayey soil favors the use of resistivity method to quickly and economically delineate the different rock layers and obtain vertical and horizontal sedimentological information about the shallow subsurface [10] - [12] .
This study is therefore aimed at using resistivity to investigate the structure of the soil and obtain the lithological boundaries and classification of the various subsurface formations in Issele-Azagba. This will provide important information for groundwater resources in order to meet the anticipated increase in demand for water in the study area.
Geology and Stratigraphy of the Study Area
Issele-Azagba is in Aniocha North Local Government area of Delta State, Nigeria and lies within latitude 6˚15'N and 6˚17'N and longitude 6˚35'E and 6˚40'E (Figure 1 ). This study area is fairly flat and characterized by thin to thick forest vegetation. The area lies within the Southern Nigerian Sedimentary Basin which began during the Early Cretaceous (Albian) following the basement subsidence along the Benue and Niger Troughs [13] [14] . Folding and uplift occurred in the Santonian along a northeast-southwest trending axis in the Abakaliki-Benue area. The Anambra platform lying to the west and the southwest of the Abakaliki folded belts subsided to form the Anambra Basin [15] [16] .
The upper cretaceous stratigraphic succession in the Anambra Basin began with the deposition of sediments from the marine Campanian-Maastrichtian Enugu/Nkporoshales and their lateral equivalent-deltaic Owelli sandstone ( Table 1) . These base units were successively overlain by the lower-middle Maastrichtain deltaic coal bearing Mamu formation (lower coal measures) and middle Maastrichtain tidal Ajali sandstone (false-bedded sandstones). It is overlain by the fluvial-deltaic Nsukka formation (upper coal measures). The Imo and Nsukka formations marine shales were deposited during the Paleocene era and overlain by the regressive Ameki formation (Eocene); the paralic Ogwashi-Asaba formation (Oligocene-Miocene) was capped by the continental Benin formation (Miocene-recent) constituting the tertiary succession ( Figure 1 and Figure 2 ). The Ogwashi-Asaba formation consists of a succession of coarse-grained sandstone, clay and carbonaceous shale, containing continental lignite seam intercalations [17] [18] . The lignite seams found within the Ogwashi-Asaba formation is usually brownish to black, varying in thickness from a few millimetres to a maximum of 6 meters.
The only river in the near vicinity of Issele-Azagba is River Osuoko which is about 7 km north of the town.
Methodology

Field Technique
The direct current (DC) resistivity method employs very low-frequency alternating currents (AC) as source signals for the determination of subsurface resistivity distributions [20] . The Maxwell's equations for electrostatics field will in this instance reduce to: where E is the electric field vector in V/m, 0 ε is the permittivity of free space and q is the charge density in C/m 3 . The electrostatic field can be described by the gradient of the electric potential U:
Since U is usually in 3-dimension, combining Equations (1) and (3) results in the fundamental Poisson equation for electrostatic fields:
The equation of continuity for a point in 3D space defined by the Dirac delta function is:
where j is the current density vector and t is time. Together with Equation (3) and Ohm's law:
Equation (5) can be rearranged to:
where , s s x y and s z define a point source of injected charge. The source term in Equation (7) can be rewritten in a more practical form by considering an elemental V ∆ volume about the charge injection point:
Here, I is the current driven by a point source. Substituting Equation (8) into (7) results in a partial differential equation for the electric potential in an isotropic non-uniform 3D medium generated by a point source as shown in Equation (9):
Integrating the equation of continuity (Equation (5)) over a volume and applying Gauss' divergence theorem results in a surface integral of the current density j . Substituting j from Ohm's law and integrating over the surface of a sphere with radius r yields:
from which it is easy to show that:
Equation (11) describes the potential due to a single point source within a homogenous space at a distance r from the injection point. For the homogenous half-space.
Given two current electrodes A and B as shown in Figure 3 and applying Equation (12) , the potential at arbitrary point M is:
where 1 r is the distance between M and A and 2 r the distance between M and B. To measure potential differences, two electrodes are needed. Theoretically, the injecting electrodes A and B could be used to measure the response signal. However, transition resistances between the electrodes and the subsurface would influence the measurements in an unknown fashion [21] . A dedicated pair of electrodes for measuring voltage differences completes the four-electrode array commonly used in DC resistivity surveys. Subtracting the potential at point N from that at point M gives the potential difference U ∆ between M and N: 
where 3 r is the distance between N and A and 4 r the distance between N and B. Since K only contains the distances between electrodes, it is called the geometric factor. It depends only on the relative distribution of electrodes. Finally, on rearranging Equation (14) we obtain:
For an inhomogeneous earth, this equation will produce values that vary according to the geometrical arrangement of electrodes on the surface. Values obtained from Equation (15) for an inhomogeneous underground are referred to as apparent resistivities a ρ .
Field Survey
In this research work, geoelectric survey involving the vertical electrical sounding (VES) was carried out at 4 stations within the study area. The Schlumberger electrode array having a maximum current electrode spacing (AB) of 1362 m was used. Ninety five (95) dc electrical resistivity soundings were conducted using Terrameter SAS 300C connected to a SAS 2000 Booster. A half current electrode (AB/2) spacing ranging from 1m to 681 m was employed at each sounding location except for VES two which ranges from 1 m to 464 m. The city map showing the various sounding positions is presented as Figure 2 . In the Schlumberger array method used in this study, the electrodes were arranged in such a way that the current electrodes (AB) were spaced farther apart than the potential electrodes (MN) as recommended by Kunetz [24] . The potential electrodes were kept constant was changed only when the voltage reading became too small to be accommodated by the instrument sensitivity. Sounding was performed by taking measurements each time the outer current electrodes were moved further apart so that the current penetrates deeper into the ground. The outer electrodes of the Schlumberger array are usually moved in steps which are approximately or accurately logarithmic. In this field measurement, the outer electrodes were moved six points to a decade in all the sounding stations and the geometric factor k used is:
where "a" is the distance between the midpoint and electrode A or B and "b" is the distance between M and N. The acquired VES data were presented as sounding curves. The curves were quantitatively interpreted by partial curve matching using two layer model curves and the corresponding auxiliary curves [20] . Theoretical VES curves were generated from the partial curve matching interpretation results using the IPI2Win computer program developed by the Geophysics team of the Moscow State University [25] .
Results and Discussions
The results of the study were presented as computer plots, model parameters, geoelectric sections, geologic log and isoresistivity maps. The field curves obtained from the study is presented as shown in Figure 4 , which gives a best-fit interpretation of five-layer geoelectric stratification for all the VES established in Issele-Azagba. The curve types observed from the study area are AK, AKQ, and AKH. The AK curve started with a steady rise into a dome shape, followed by a discernable fall at the far end of the curve. The AKQ curves display a gradual rise from the left into a dome shape in the central section followed by the steady fall at the far right of the curve indicating an entrance into a low resistivity geoelectric zone. The AKH curves ends with a gradual rise at the far right. The geoelectric section shown in Figure 5 suggests that the topmost layer whose resistivity values range from 165 -474.6 Ωm and a thickness which ranges from 0.57 -2.13 m depicts loamy topsoil. The topsoil is underlain by geoelectric layers 2, 3 and 4 which is interpreted as an extended sandy unit of increasing compaction and wetness. The resistivity ranges from 441.4 -5657 Ωm. This sandy horizon is very thick with a depth of about 185 m and thins out in VES 4 with a depth of about 81 m. Only in VES 3 does layer 4 depict a clayey horizon with resistivity value of 25.64 Ωm and a thickness of 7.79 m (Figure 4(c) ). The fifth substratum of the geoelectric section is interpreted as the aquiferous sand in all the VES positions except VES 2. It has a resistivity which ranges from 621.3 -786.5 Ωm and is referred to as hydrogeologically prolific. The fifth layer in VES 2 suggests clay with a resistivity of 93.61 Ωm (Figure 4(b) ). The log of two boreholes around the study area was used to correlate the VES interpretation. The logging (Figure 7) shows a lateritic topsoil underlain by a thin layer of sandy clay and clay which is overlain by a finemedium-coarse sandstone. The borehole logs correlate well with the geoelectric records. 
Conclusion
Geophysical survey involving vertical electrical sounding technique has been carried out to delineate the subsurface formation at Issele-Azagba. The result of the survey has revealed that the subsurface geologic material in the study area is mainly loamy topsoil underlain by a relatively continuous sandy unit. The top lithologies are relatively dry with a downward increase in wetness cumulating in a semi-infinite basal unit of relatively low re-sistivity which is considered to correspond to the aquiferous unit. The depth to water table is above 100 m and varies laterally based on the topography of the area. Based on the results of the survey, the exploration and exploitation of groundwater in Issele-Azagbais are encouraging. It is therefore recommended that boreholes for sustainable water supply within the study area be drilled in excess of 100 m. The study reveals the absence of thick clay layers overlying the aquifer units hence the aquifer systems is not protected from any likely contaminants percolating from the surface. This study also reveals a better understanding of the soil properties that control the geophysical responses in this region and will thus aid in groundwater development within the study area.
